Mycobacterium fortuitum is a rapidly growing nontuberculous
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. MAI is primarily a pulmonary pathogen and is the NTM species most commonly associated with human disease (Griffith et al. 2007) . Inhalation of this bacterium may cause pulmonary disease, whereas the ingestion of contaminated water may cause a disseminated disease. A cutaneous manifestation can be attributed to direct inoculation, direct contact or disseminated disease (Weitzul et al. 2000) . Infections caused by rapidly growing NTM including M. fortuitum can appear after surgical procedures, such as liposuction, silicone injection and breast implantation, or after intravenous catheter insertion, exposure to prosthetic material and pacemaker placement (Sungkanuparph et al. 2003 , Palwade et al. 2006 , Uslan et al. 2006 . There is still no defined optimal treatment for NTM infections because these organisms are resistant to the standard antituberculous agents. In addition, susceptibility to anti-mycobacterial agents varies across different NTM species (ATS 1997) .
A protective immune response against pathogenic mycobacterial infections depends on the ability of individuals to form organ granulomas. During infection, mycobacteria induce the formation of these organized immune complexes of differentiated macrophages, lymphocytes and other cells, which are critical for the maintenance of the granuloma architecture and for the restriction of the infection. In the centre of the granuloma, macrophages produce a response that can effectively prevent the replication of bacteria and/or mediate the killing of the intracellular pathogen. On the other hand, compromised granuloma formation is accompanied by dissemination. In addition, the course of the infection in individuals that develop compromised granulomas changes from chronic to acute, leading to high morbidity and mortality from mycobacterial infections (Ladel et al. 1995) .
The static spatial localization of cells within Mycobacterium-induced granulomas has been extensively studied by standard histological and immunohistochemical methods (Bouley et al. 2001) . Little is known, however, about the events involving granuloma formation during infection by rapidly growing mycobacteria. Previous studies have shown that granuloma formation could depend on the Mycobacterium properties (van der Sar et al. 2004 ) and on the genetic background of the host (Orrell et al. 1992) . Using a mammalian model, we compared the granulomatous response of BALB/c mice infected with rapidly or slowly growing Mycobacterium. We compared the bacterial load and the number and size of granulomas from M. fortuitum and M. intracellulareinfected mice. In addition, the cellular composition and mRNA expression of regulatory cytokines and inductible nitric oxide synthase (iNOS) at the site of infection were assessed. The two species of environmental mycobacteria induced distinct responses in BALB/c mice. M. fortuitum-infected mice efficiently controlled the bacteria while M. intracellulare-infected mice did not. The bacterial load in the spleen and liver, as well, the number of granulomas and the extent of IFN-γ mRNA expression in the liver were higher in M. fortuitum than in M. intracellulare-infected mice.
SUBJECTS, MATERIALS AND METHODS
Animals -All animal experiments were performed according to the standards of the Oswaldo Cruz Foundation guidelines for animal experimentation and the Committee of Ethics on Animal Experimentation of Gonçalo Moniz Research Center (CPqGM-Fiocruz). Inbred 4-8-week-old female BALB/c mice were obtained from the Animal Facilities Centre of CPqGM-Fiocruz and were maintained under specific pathogen-free conditions.
Bacterial strains and infection -M. intracellulare (ATCC-13950) was obtained from the Prof. Hélio Fraga Reference Center (Rio de Janeiro, Brazil) and M. fortuitum was isolated from naturally infected C57BL/6 mice, as previously described (Da Silva et al. 2002) . A bacterial inoculum was prepared by thawing a frozen aliquot of a mycobacterium suspension and diluting it into sterile saline. Mice were injected intravenously via the orbital plexus with a suspension of 10 7 bacteria per mouse in a final volume of 50 µL. Mice were euthanized at three, seven, 14, 28 and 60 days after infection and the bacterial loads in the infected organs were determined. The liver and spleen were aseptically collected, weighed and homogenized in 7H9 agar medium (Difco, Detroit, MI, USA) and the bacterial load was determined by plating serial 10-fold dilutions of tissue homogenates on Middlebrook 7H10 medium (Difco, Detroit, MI, USA) supplemented with OADC (oleic acid, albumin, dextrose, catalase; Becton Dickinson, Germany). The plates were incubated for 2-3 weeks at 37 o C. Control mice of the same sex and age were injected with sterile saline. The inoculum viability was confirmed by dilution plating of the suspension in duplicate on Middlebrook 7H10 medium (Difco, Detroit, MI, USA) supplemented with OADC. The viability was consistently 80%. Four to five mice per group were euthanized at each time point.
Histopathology -Histological sections from the liver and spleen tissues were collected three, seven, 14, 28 and 60 days after infection. Samples from the liver were fixed in 10% buffered formalin before paraffin embedding. Sections (4-5 µm-thick) were stained with haematoxylin and eosin (H&E) to evaluate pathological changes, as previously described (Flynn et al. 1998 ). Granulomas were quantified by counting 10 microscopic fields at 200x magnification per slide. Four to five mice were used per experimental time point. The number of experiments is indicated in the figure legend. Typical clusters of more than six mononuclear cells were characterized as a granuloma. All sections were examined by at least two of the authors in a blinded analysis.
Morphometry -The granuloma size was measured blindly in formalin-inflated livers that were paraffinembedded, sectioned and stained with H&E. Four to five mice were used per experimental time point. At least 10 lesions per mouse were video-scanned at 400x magnification and the granuloma area was analyzed using the ImagePro 6.0 software after calibration.
Immunohistochemistry -Samples of liver were embedded in Tissue-Tek (Sakura, Zoeterwoude, The Netherlands), immediately frozen on N 2 and stored at -70 o C. The frozen tissues were sectioned (6 µm thick) on a cryostat (Leica, Nussloch, Germany), air dried and fixed in acetone (10 min at 4 o C). After a rinse in phosphatebuffered saline, sections were pretreated for 10 min with 0.003% H 2 O 2 and then with avidin and biotin (kit from Dako, Glostrup, Denmark). Sections were stained with a primary antibody against CR3 (Mac-1), CD4, CD8 or B220 for 16 h at 4 o C. A biotinylated rat anti-IgG antibody (1:100; Sigma, St. Louis, USA) was used as the secondary antibody. The slides were incubated for 1 h at room temperature (RT), rinsed and incubated in 1 µg/mL streptoavidin-conjugated horseradish peroxidase (Sigma) for 30 min. The slides were then washed and the staining was visualized with a 1:20 dilution of DAB substrate (Dako, Glostrup, Denmark) for 20 min at RT. Finally, the sections were rinsed, counterstained with methyl green and mounted with cover slips. The original magnifications of the photographic image are indicated in the figures legends.
Measurement of mRNA expression by quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
-Total RNA was isolated from the liver according to the manufacturer's recommendations using Trizol (Life Technologies, Gaithersburg, USA) and 1 µg of total RNA was reverse-transcribed using Superscript II reverse transcriptase (Invitrogen, California, USA). Real-time RT-PCR was performed in optical 96-well reaction plates using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, USA) on an ABI Prism 7900 sequence detection system (Applied Biosystems). The relative level of gene expression was determined by the comparative threshold cycle (Ct) method as described by the manufacturer, whereby each sample was normalized to GAPDH expression and the results are expressed as the fold change compared to uninfected controls. The following primer pairs were used: GAPDH, GTTGGTTACAGGCCAGACTTTGTTG (forward) and GAGGGTAGGCTGGCCTATAGGCT (reverse); IFN-γ, AGAGCCAGATTATCTCTTTCTACCTCAG (forward) and CTTTTTTCGCCTTGCTGCTG (reverse); iNOS, TGCCCCTTCAAGGTTGGTA (forward) and ACTG-GAGGGACCAGCCAAAT (reverse); TNF-α, AAAAT-TCGAGTGACAAGCCTGTAG (forward) and CCCT-TGAAGAGAACCTGGGAGTAG (reverse) and IL-10, GGTTGCCAAGCCTTATCGGA (forward) and ACCT-GCTCCACTGCCTTGCT (reverse).
Statistical analysis -The data are presented using the mean (± standard deviation) values from 3-5 mice per group. All assays were performed three or more times, except the real time RT-PCR, which was performed twice. The statistical analyzes were performed using the Student's t-test or the Mann-Whitney test in cases of unequal variances. A p value less than 0.05 was considered significant.
RESULTS

Course of M. fortuitum and M. intracellulare infection in BALB/c mice -
The comparative bacterial loads in the spleens and liver of M. fortuitum and M. intracellulare-infected mice were assessed. We observed a progressive reduction in the colony forming unit (CFU) count in both the M. fortuitum and M. intracellulareinfected mice; however, the mice infected with M. fortuitum more efficiently controlled the bacteria than the mice infected with M. intracellulare. The bacterial load was 1.47 log lower in the spleen and 1.29 log lower in the livers of M. fortuitum-infected mice 14 days post-infection than in those of M. intracellulare-infected mice (p = 0.0079, Mann-Whitney). At 28 days post-infection, a similar difference was observed: M. fortuitum-infected mice had a 1.98 log lower bacterial load in the spleen and a 2.65 log lower level in the liver than M. intracellulareinfected mice (p = 0.0159, Mann-Whitney) (Fig. 1A, B) .
Granulomatous response in M. fortuitum and M. intracellulare-infected mice -The numbers of granulomas in the liver sections of M. fortuitum or M. intracellulareinfected mice were compared at the same time points that the bacterial load was determined. At day seven of infection, poorly structured aggregates containing a small number of macrophages and sparse inflammatory infiltrates consisting primarily of lymphocytes were observed in the liver sections of mice infected with either bacterium ( Fig. 2A, B) . At day 14, the granulomatous response in the liver of M. fortuitum-infected mice was characterized by lymphoid aggregates and macrophages, whereas the granulomas consisted primarily of macrophages in M. intracellulare-infected mice (Fig. 2C,  D) . In addition, in the M. intracellulare-infected mice, the portal tract contained a moderate to extensive lymphocytic infiltrate at day 28 after infection ( Fig. 2E, F) . Overall, the numbers of granulomas in M. fortuituminfected mice were five-fold, seven-fold and fifteen-fold lower than the number of granulomas in M. intracellulare-infected mice at days 14, 28 and 60 post-infection, respectively (p = 0.0159 and p = 0.0159 for day 28 and 60, respectively, Mann-Whitney) (Fig. 2I ). We observed a progressive reduction in the granuloma area over time in M. fortuitum-infected mice. In contrast, in M. intracellulare-infected mice, the granuloma area enlarged approximately two-fold from day 14-60 after infection. In M. intracellulare-infected mice, the granulomas consisted of tightly grouped epithelioid macrophages in a round structure rimmed by lymphocytes (Fig. 2J) .
Immunohistochemistry of granulomatous lesions in M. fortuitum or M. intracellulare-infected mice -The cellular composition of the hepatic granulomas was assessed by immunohistochemistry using specific monoclonal antibodies against macrophages, B cells, T cells and plasmocytes. Greater numbers of macrophages, B cells, T cells and plasmocytes were observed in the M. intracellulare-infected mice than in the M. fortuituminfected mice and the saline-inoculated mice. In both groups of infected mice, granulomas were predominantly composed of Mac-1 + cells (Fig. 3E ) and CD4 + cells (Fig.  3F) , in comparison to the other cell types present in the granulomas, such as CD8 + (Fig. 3G ) and B220 + (Fig. 3H Cytokine expression in the liver of M. fortuitum or M. intracellulare-infected mice -qRT-PCR was used to measure the expression of several cytokines that determine mycobacterial infection outcome (IFN-γ, TNF-α and IL-10) and of iNOS, known to be expressed by activated macrophages (MacMicking et al. 1997 ). This technique was chosen instead of others, such as semi-quantitative non-competitive RT-PCR, northern blot analysis and enzyme linked immunosorbent assay, because it offers several advantages. The most notable is a high degree of sensitivity, allowing for the detection of basal cytokine expression even under experimental conditions in which cytokine production is very low (Hein et al. 2001 ). qRT-PCR was performed using liver samples taken at the time points at which the bacterial load and granuloma morphology were assessed. In both M. fortuitum and M. intracellulare-infected mice, the mRNA expression levels of TNF-α, IL-10 and iNOS were very low and similar to the levels of expression in the control group. At day seven post-infection, the mRNA expression of IFN-γ in M. fortuitum-infected mice was three-fold higher than in M. intracellulare-infected mice (p = 0.0115, KruskalWallis, Dunn's post-test) (Fig. 4) . Similarly, a two-fold increase in IFN-γ mRNA expression was observed at day 28 post-infection. , 28 (E, F) or 60 days (G, H) of infection, animals were euthanized and the liver was fixed in a 10% formol solution. Liver sections were prepared and stained with haehaematoxylin and eosin in order to characterize the tissue lesion. I: the granulomas were counted and each column represents the mean of three (7 days), four (14 days) or five experiments (28 and 60 days), containing 3-5 animals per group. A total of 10 fields per lamina per animal were counted. The columns represents the mean number of granulomas per experiment (*: p = 0.0159; Mann-Whitney); J: the granuloma area were measured and each column represents the mean of five (7 days), 10 (14 and 28 days) and seven sections (60 days). A total of 2-3 sections per experiment were used and the area of 10 granulomas was measured for each section. The data is presented as the mean ± standard error of granuloma area expressed in mm 2 (***: p = 0.0006; t test). 
DISCUSSION
In the present study, we observed several quantitative and qualitative differences between the granulomatous response of M. fortuitum and M. intracellulare-infected mice. We observed that BALB/c mice more efficiently controlled the M. fortuitum infection than the M. intracellulare infection. A progressive reduction in the CFU counts was observed in both groups; however, M. fortuitum was almost completely cleared from mice by 60 days post-infection. In contrast, at this time point, bacteria could still be detected in the liver and spleen of M. intracellulare-infected mice, although to a lesser extent than at earlier time points. In accordance with these results, a similar approach employed by other authors described a model of BALB/c mice that were intravenously infected with M. fortuitum. The authors observed a rapid decrease in the bacterial load in the livers and spleens of infected mice (Parti et al. 2005) . However, in the previous study, the authors used a Mycobacterium load in the inoculum that was five-fold greater than that of the present study but observed a complete disappearance of bacterial load from the infected livers after 10 days. This was much faster than was observed in the present study, perhaps due to the different Mycobacterium strains used in the two studies. In agreement with the bacterial load quantification, there were more granulomas in the liver of the M. intracellulare-infected mice compared to the M. fortuitum-infected mice (Fig. 2) . It is well known that most of the inoculum is trapped in the liver after an intravenous infection (Khalil et al. 1975) .
In addition to macrophages, T cells are important for granuloma formation. T cell-deficient mice do not form granulomas and form loose inflammatory lesions incapable of controlling bacterial growth. The adoptive transfer of CD4 + T cells reconstitutes granuloma formation in RAG-deficient mice infected with Mycobacterium (Ladel et al. 1995) . The T cell repertoire of a single granuloma is very diverse and similarly sized granulomas in the same organ from the same animal can have different T cell contents in Mycobacterium-infected mice (Hogan et al. 2001) . In order to determine the cellular components of the granulomas in the liver of M. intracellulare or M. fortuitum-infected mice, immunohistological staining was performed using specific antibodies against macrophages, B cells or T cells. In mice infected with either M. intracellulare or M. fortuitum, macrophages and CD4 + T cells were the main components of the granulomas. The numbers of macrophages, CD4 + and CD8 + T cells, and B cells in the liver of M. intracellulare-infected mice were higher than the numbers in the liver of M. fortuitum-infected mice ( Fig. 2A-H) . These data can be correlated with the higher number and larger size of granulomas observed in the liver of M. intracellulare-infected mice (Fig. 2I, J) . On day 28 postinfection, the number of CD4 + cells was approximately three-fold higher than the number of Mac-1 + cells in the liver of M. fortuitum-infected mice. It has been reported that granuloma formation is accelerated by antigen-specific CD4 + T cells and depends, to a large extent, on the TNF-α and IFN-γ levels reached within the infected tissues (Appelberg et al. 1994 , Hänsch et al. 1996 , Chan et al. 2010 .
In order to elucidate the mechanisms underlying the differences in the tissue response induced by M. intracellulare and M. fortuitum in mice, quantitative RT-PCR for IFN-γ and TNF-α was performed on liver samples taken at the same time that the bacterial load and granuloma morphometry were assessed (Fig. 3) . At day 24 post-infection, compared to M. intracellulare-infected mice, M. fortuitum-infected mice expressed more IFN-γ, which is known to be essential for the control of mycobacterial infection (MacMicking et al. 1997) . These data are consistent with the increased number of granulomas and the higher number of CD4 + T cells in the hepatic granulomas. It is likely that the increased number of CD4 + T cells was responsible for the increased IFN-γ mRNA level that was observed. Furthermore, the increased expression of IFN-γ could explain the accelerated recruitment of inflammatory cells and the increased number of granulomas. We speculate that the observed increase in CD4
+ cells and IFN-γ may be responsible for this enhanced antibacterial response, which leads to the clearance of mycobacteria by 60 days after infection. We expected to detect TNF-α mRNA in the liver tissue of both groups. It has been demonstrated that TNF-α-deficient mice have disorganized granulomas following mycobacterial infection, indicating that this cytokine is important for granuloma formation and maintenance (Algood et al. 2005) . Unexpectedly, in the liver of mycobacteriuminfected mice, we detected a low TNF-α mRNA level, similar to the level of the control uninfected mice. Previously, it has been demonstrated that the conventional use of an entire infected organ to study granuloma-specific gene expression can yield data that may not genuinely reflect intralesional events (Zhu et al. 2003) . In this previous work, the authors identified a downregulation of nine genes that are known to regulate the inflammatory response to M. tuberculosis, as determined by qRT-PCR analyses of microdissected granuloma-derived cDNA (up to 27-fold) (Zhu et al. 2003) . This result points to the idea that use of total liver RNA most likely resulted in the dilution of the gene of interest by nongranulomatous liver tissue, preventing the detection of TNF-α and iNOS mRNA expression in our study.
We did not actually explore the mechanism responsible for the differences in the granulomatous responses of M. fortuitum and M. intracellulare-infected mice. Granuloma formation may depend on the genetic background of the host (Orrell et al. 1992) . It has been demonstrated that the Nramp1/Slc11A1 gene exerts a major influence on the early response to infections caused by various atypical mycobacteria such as M. fortuitum and M. intracellulare (Denis et al. 1986 ) by affecting granuloma development (Sato et al. 1990 ). In addition, Mycobacterium properties (van der Sar et al. 2004 ) related to differences in pathogen virulence factors, such as cell wall composition, may be responsible for differences in the immune response (Chan et al. 2010, unpublished observations) and probably in granuloma formation. The cell wall of mycobacteria consists of a highly complex array of distinctive lipids, glycolipids and proteins, which are believed to play important roles in the physiology of the bacterium and in the modulation of the host response during infection (Russell et al. 2002 , Brennan 2003 . Lipoarabinomannans (LAMs) are ubiquitous in mycobacteria and appear to be the most potent non-peptidic cell wall molecules that modulate the host immune response. The LAM structure differs depending on the mycobacterial species. In slow-growing mycobacteria, the arabinan domain is capped by mannose residues (ManLAM) and in rapidly growing mycobacteria, the domain is capped by phosphoinositide motifs (PILAMs) (Chatterjee & Khoo 1998 , Nigou et al. 2002 . It has been observed that purified lipids from different strains induce different patterns of cytokines (Mohan et al. 2001) . PILAMs more potently induce the secretion of proinflammatory cytokines, such as TNF-α and IL-1, and the production of microbicidal radicals than ManLAMs. In addition, ManLAMs inhibit the IFN-γ-induced activation of macrophages (Vercellone et al. 1998) . These data reinforce the idea that, in our study, the differences observed in the BALB/c mouse responses to either M. fortuitum or M. intracellulare infections were related to the composition of the Mycobacterium cell wall.
In summary, this paper compared granuloma formation in M. fortuitum and M. intracellulare-infected mice. Well-structured granulomas were observed in both groups of infected mice at two weeks after infection as along with a progressive reduction in the bacterial load. Only the group infected with M. fortuitum, however, completely cleared the infection and 60 days after infection, the granulomas were resolved, suggesting that the cells in the granulomas were efficiently activated to clear the bacteria. We believe that BALB/c mice are more capable of controlling M. fortuitum than M. intracellulare infection. Our data reinforce the idea that early pathogen clearance can depend on the mycobacterial species and that some mycobacteria can live within the granuloma in a state of dormancy with the potential to resurface later. While it is generally accepted that granulomas represent a component of the protective immune response against mycobacteria, the precise mechanism underlying the formation and maintenance of granulomas remains to be determined. Understanding the factors that contribute to this long and complex relationship between the pathogen and host is essential to be able to successfully modulate clinical outcomes.
